Crowley et al. / Med Gas Res www.medgasres.com high inspired oxygen in emergency settings, with hyperoxia having been linked to increased mortality and morbidity in cardiac arrest, 11 pulmonary disease, 12 and stroke. 13 Routine anaesthetic practice often combines volatile general anaesthetic agents with high inspired oxygen (FiO 2 ) during cancer surgery.
14 Hyperoxia and its consequent cellular damage have been suggested to increase levels of angiogenesis factors. 15 Hyperbaric oxygen (HBO) has been shown to have no cancer promoting effect in many cancers; however in breast cancer HBO has been shown to inhibit cell proliferation. 16, 17 Conversely, without the use of HBO, a follow-up analysis of the peri-operative oxygen fraction (PROXI) trial, found an association between high FiO 2 in the peri-operative period and reduced tumor free survival in abdominal laparotomy patients. 18 We recently observed that sevoflurane, when delivered in a high oxygen content, significantly increased cell migration in human breast adenocarcinoma cells, compared with normal oxygen concentrations. 19 If this effect was replicated clinically, high FiO 2 in the peri-operative period might facilitate tumor cell migration and metastases independent of anaesthesia per se.
The objective of this study was to investigate directly the effect of different concentrations of oxygen on migration and secretion of angiogenesis factors in oestrogen receptor positive (ER + ) MCF-7 and oestrogen receptor negative (ER -) MDA-MB-231 breast cancer cells in vitro.
MaterIals and Methods

cell lines
MDA-MB-231 is an ER -human breast adenocarcinoma cell line. MCF-7 is an ER + and progesterone-receptor positive human breast adenocarcinoma cell line. MDA-MB-231 cells were routinely cultured in L-Liebowitz 15 medium supplemented with 15% (v/v) fetal bovine serum (FBS), 1% (v/v) penicillin-streptomycin solution, while MCF-7 cells were routinely cultured in minimum essential medium eagle with Earle's salts and sodium bicarbonate, supplemented with 10% (v/v) FBS, 1% (v/v) non-essential amino acids and 1% (v/v) penicillin-streptomycin solution. Both cell lines were grown in T175 flasks (CellStar filter cap flask) at 37 o C in a humidified atmosphere containing 5% CO 2 and were purchased from the European Collection of Cell Cultures (ECACC, Salisbury, UK).
Oxygen
Four concentrations of oxygen were used in this study 21%, 30%, 60%, and 80% (v/v) O 2 . Medical air (21% v/v O 2 , 79% v/v N 2 ) was used as control and 100% O 2 was added to medical air until the oxygen content equalled the desired concentration. Oxygen concentration was monitored using a Hewlett Packard HP M1026A Anaesthesia Airway Gas Monitor (Hewlett Packard, Palo Alto, CA, USA). All gases were supplied by BOC Industrial Gases (Dublin, Ireland).
Gas exposure
Cells were exposed to gas in a hermetic chamber (Enzyscreen BV, Heemstede, Netherlands), of which there were two to allow for concurrent gas exposure with experimental or control gas. Before introducing the cells to the chamber, cell line-appropriate FBS-free medium was enriched with the experimental gases (30%, 60%, or 80% O 2 or medical air) using a glass gas wash bottle (Dreschel pattern) at a flow rate of 1-2 L/min for 20 minutes, adjusted to lowest flow that maintained bubbling through the filter disc. The removal of the FBS during this procedure was to prevent frothing. Separate gas wash bottles were used for each cell line, and gas wash bottles were cleaned prior to the next gas enrichment. FBS in cell line-appropriate concentrations was subsequently added to the enriched media for the migration studies outlined below.
Non-treated medium was decanted from the cell cultures, the cells were washed with phosphate buffered saline (PBS) and enriched media was introduced (appropriate to the cell lines). The plates were introduced to the chamber and the atmosphere of the chamber was replaced by the desired experimental gas mixture using a flow rate of 15-20 L/min for 3 minutes. Where indicated, a paired medical air plate and chamber were similarly prepared. The chambers were sealed prior to closure of gas supplies. The hermetic chambers were then introduced into an incubator for a 3-hour period at 37°C. The gas-exposed cultures (experimental or control) were removed from the chambers and returned to an incubator at 37°C in 5% CO 2 and allowed to grow for 24 to 48 hours, before analysis of their viability, migration or angiogenesis properties, as outlined below.
Dimethyloxaloylglycine (DMOG) exposure DMOG, a powerful inhibitor of 2-oxoglutarate-dependent dioxygenases, 20 was used to artificially impose hypoxic conditions on the cells to reverse the effects of oxygen exposure. DMOG was dissolved in water and 1% of 100 mM stock solution was added to the enriched media during cell seeding, to achieve a final concentration of 1 mM DMOG. Water (1% v/v) was added to vehicle-treated wells as a control. Migration and viability experiments conducted with DMOG were carried out in 60% O 2 and medical air as this is where the greatest migratory effect was seen in our diameter into which cells could migrate. This was done immediately prior to placement into the hermetically sealed chambers as described in the gas exposure protocol. Oxygen and paired medical air control plates were exposed to gas as described above. After each gas exposure, the 96-well plates were incubated for 24 hours at 37ºC in 5% CO 2 to allow time for migration. Following this incubation period, the stoppers were removed from the negative control wells immediately prior to cell staining, such that no migration could have occurred in these wells.
Staining and fixation was conducted with Coomassie blue (1% w/v Coomassie blue in 40% v/v methanol, 10% v/v acetic acid). The medium was removed and the wells washed with PBS, following which 100 μL of filtered Coomassie blue was applied for 10 minutes. The stain was carefully decanted and the cells were washed twice with PBS and allowed to dry. Cells migrating into the detection zone were quantified by measuring absorbance using a bottom-reading colorimetric plate reader (SpectraMax M3, Molecular Devices, Sunnyvale, CA, USA); using a 570 nm measurement filter. A template mask (Oris™) was used to shield all regions of the wells, other than the 2 mm detection zone. Absorbance values were averaged across the eight experimental wells for each passage to obtain a single experimental absorbance. Background absorbance values were averaged across all negative control wells for each cell line and this value was subtracted from the mean experimental absorbance to obtain a single absorbance value, indicative of cell migration, for each passage of cells. This procedure was repeated for both experimental gas and medical air plates. The results of each migration study are presented as a percentage of medical air migration on parallel, matched plates. Three or four separate and independent experiments were conducted for each experimental gas.
At the end of the migration assay, Coomassie blue-stained cells were solubilised with 100 µL of DMSO and absorption at 570 nm was determined to provide an indication of cell density.
angiogenesis assay
The presence and potential alteration of, angiogenesis markers in conditioned medium was assessed using the Human Angiogenesis Array C1 (RayBiotech, GA, USA). MDA-MB-231 cells or MCF-7 cells were seeded at a density of 2 × 10 5 cells/cm 2 in T25 flasks (Greiner, Austria) and grown to ~90% confluency. Medium was removed and the cells were washed with PBS. Two millilitres of gas-enriched medium (30%, 60%, and 80% O 2 or medical air), prepared as per the gas exposure protocol, were added to each flask. The flasks (with loosened caps) were then exposed to the migration experiments in both cell lines.
evaluation of cell viability
The MTT assay was used to determine effects on cell viability. This assay detects living, but not dead, cells and measures the reduction of the cell permeable yellow salt, MTT, to non-permeable purple formazan crystals by active mitochondrial dehydrogenases in viable cells. 21 Cells were seeded into 96-well plates at a density of 2 × 10 4 cells/cm 2 and allowed to adhere overnight. Plates were placed in the hermetically sealed chambers and gas exposure was conducted as described above and viability was determined at 24 hours after gas exposure was complete.
MTT solution was prepared by adding 0.5 mg/L MTT to cell line-appropriate FBS-containing media. Experimentally-enriched media was removed from the 96-well plate and a 100-µL aliquot of MTT solution was added to each of the wells and allowed to incubate for 3 hours at 37°C in 5% CO 2 . The solution was removed from the wells and the formazan crystals were solubilised by the addition of 100 µL of dimethyl sulphoxide (DMSO), after which the plate was left for 20 minutes on a rocker. The absorbance of each well was read at 570 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, USA). Viability was expressed as a percentage of control.
Migration assay
The effect of experimental gases on breast cancer cell migration on a collagen substrate was determined using the Oris TM Cell Migration Assay (Platypus Technologies, Madison, WI, USA), according to the manufacturer's protocol. This assay involved measuring the migration of cells into an exclusion zone andis superior to the scratch assay, as it does not involve injury to the cells or the extracellular matrix.
Oris™ Cell Migration Assembly Kit-FLEX 96-well plates were prepared by coating each well with 7-8 μg/cm 2 rat tail collagen I (Sigma, Dublin, Ireland). Cells grown to 90-99% confluence in T75 flasks were removed by trypsinisation, resuspended in appropriate medium, and seeded into collagencoated plates. Each separate and independent experiment employed two 96-well plates, one each for medical air and oxygen (30%, 60%, or 80% O 2 ). These two plates were seeded at the same time with the same passages of cells. Each well had an Oris™ cell seeding stopper in situ to restrict cell seeding to the outer regions of the well. The plate was seeded with a concentration of 100,000 cells in 100 µL appropriate medium per well. The seeded plates were incubated overnight at 37°C in 5% CO 2 to allow cell attachment.
For each cell line, stoppers for the experimental wells were then removed to create a detection zone of 2-mm statistical analysis Cell viability and migration in oxygen-exposed cells are summarized as percentage values relative to medical air. For the DMOG study, values for DMOG-exposed cells were compared to vehicle-treated cells with identical gas exposures (either medical air or 60% O 2 ). Data was analysed using Prism v6 (Graphpad Software, La Jollla, CA, USA). Data are expressed as the mean ± SD (or SEM), and was evaluated for distribution using the Kolmogorov-Smirnov test. Being non-normally distributed, comparisons between groups were analysed using the Kruskal-Wallis test. A value of P ≤ 0.05 was considered significant.
results
Viability of MCF-7 and MDA-MB-231 cells was not significantly affected by a 3-hour exposure to 30%, 60%, or 80% O 2 , as determined by MTT assay, conducted 24 hours after completion of the gas exposure period ( Figure 1A) .
corresponding gases in the hermetic chambers, as per the gas exposure protocol, for 3 hours. Flasks were then removed, caps tightened and they were incubated for a further 24 hours at 37 o C in 5% CO 2 . After each exposure period the conditioned medium was removed and frozen at -80 o C in a 2-mL cryotube vial (Sigma).
Once samples of all four conditioned media had been collected, they were defrosted and the release of key angiogenesis factors into the medium was determined using the RayBio human angiogenesis array C1 using the manufacturer's protocol. Scanning densitometry was employed to provide a semi-quantitative indication of dot intensity using the GelEval software programme v1.33 (Frogdance Software, Dundee, Scotland). Replicate spot density values for individual angiogenesis factors were then averaged and normalized to the average density of the control dots on the same array to control for array-toarray variations.
Note: (A) When compared to medical air, which was used as a control (21% (v/v) O 2 ), exposure to 30%, 60% or 80% (v/v) O 2 for 3 hours did not significantly affect viability of either MDA-MB-231 or MCF-7 cells, measured after 24 hours (n = 3). (B) Acute exposure to the hypoxia mimetic agent DMOG also had no effect on viability. Viability of cells exposed to medical air or 60% O 2 with dimethyloxaloylglycine (DMOG) for 3 hours was compared to cells exposed to medical air or 60% O 2 in the presence of the DMOG vehicle (water) alone, with viability being assessed at 24 hours (n = 3). Values shown are mean (SEM) versus values for matched cells exposed to control gas at the same time. Similarly, co-exposure to 1 mM DMOG did not significantly affect viability in either 60% oxygen or in medical air ( Figure 1B) .
The influence of an acute oxygen exposure (3 hours) on subsequent migration of breast cancer cells was determined by measuring migration into the detection zone 24 hours following completion of the gas exposure protocol. A 3-hour exposure to 30% O 2 increased migration of MCF-7 cells by 24% (n = 6, P = 0.01) relative to migration in medical air. Similarly, when exposed to 60% O 2 , migration of both MDA-MB-231 and MCF-7 cells was significantly increased relative to medical air by 21% and 54%, respectively (P = 0.01 and P = 0.007). When exposed to 80% oxygen, no increase in cell migration was observed relative to medical air in either cell line (Figure 2) . Addition of 1 mM DMOG affected the migration of MDA-MB-231 and MCF-7 cells in both medical air and 60% O 2 . Migration in wells containing DMOG was decreased by 30-40% when compared to wells without DMOG for both cell lines (Figure 3A) . To confirm that this decreased cell migration did not reflect changes in overall cell density in the wells, the Coomassie blue-stained cells, used for the migration study, were solubilised with DMSO and absorption was measured. This confirmed that cell density was identical in DMOG-exposed and vehicle-exposed wells (Figure 3B) . Nine angiogenesis factors were detected in conditioned medium harvested from MDA-MB-231 cells at 24 hours, following a 3-hour exposure to varying concentrations of oxygen (Table 1, Figure 4A ). Relative to medical air, secretion of the pro-angiogenic cytokines-regulated on activation normal T cell expressed (RANTES) and vascular endothelial growth factor (VEGF)-was increased by a 3-hour exposure to 60% O 2 . Expression of monocyte chemotactic protein 1 (MCP-1) was increased by 30%, 60% and 80% oxygen relative to medical air. In MCF-7 conditioned medium, secretion of pro-angiogenic interleukins 6 and 8 (IL-6, IL-8) were significantly increased by a 3-hour exposure to 30% Note: (A) Cells were incubated with either DMOG (1 mM) or a vehicle control (water) and the whole plate was exposed to either 60% O 2 or control gas for 3 hours, following which migration was measured at 24 hours as described above. DMOG reduced migration of both cell lines in control gas and also reduced migration of MCF-7 cells in 60% O 2 . (B) Reduced migration did not reflect decreased cell density in the DMOGexposed wells, as solubilisation of Coomassie blue-stained cells in plates used for migration studies did not reveal any difference in absorbance at 570 nm (n = 3). Values shown are mean (SEM) versus values for matched cells exposed to vehicle control at the same time *P ≤ 0.05, vs. vehicle control. Note: Cells were exposed to medical air, 30%, 60% or 80% O 2 for 3 hours as described in Materials and Methods, following which they were returned to the incubator for 24 hours. Conditioned medium was collected and applied to a commercially available membrane-based angiogenesis array and expression of secreted angiogenesis factors was detected as per the manufacturer's protocol. (A) In comparison to medical air, increased secretion of regulated on activation normal T cell expressed (RANTES) (blue), monocyte chemotactic protein 1 (MCP-1) (pink), and vascular endothelial growth factor (VEGF) (orange) angiogenesis factors were detected in medium from MDA-MB-231 cells exposed to high fractional oxygen. (B) In comparison to medical air, increased secretion of angiogenin (red), interleukin-8 (green), and VEGF (orange) was detected in medium from MCF-7 cells exposed to high fractional oxygen. Semi-quantitative scanning densitometry confirmed these observations ( Table 1) .
A B Note: Cells were exposed to medical air, 30%, 60% or 80% O 2 for 3 hours, following which they were returned to the incubator for 24 hours. Conditioned medium was collected and applied to a commercially available membrane-based angiogenesis array and expression of secreted angiogenesis factors was detected as per the manufacturer's protocol. Semi-quantitative scanning densitometry was performed using the GelEval software package and values were normalised to positive control dots on each array. Values shown are the mean ± SD, * P ≤ 0.05, vs. medical air. Figure 4B ). Secretion of VEGF and MCP-1 was also significantly upregulated by 60% O 2 . There were no other significant differences in cytokine secretion.
dIscussIon
We have shown that an acute (3-hour) exposure of human breast cancer cells to 30% and 60% O 2 , increases cell migration in both ER + and ER -breast cancer cells, compared to cells exposed to medical air. Importantly, this effect was reversed by co-exposure to DMOG, a hypoxia mimetic agent. In addition, secretion of several angiogenesis factors was up-regulated in MCF-7 and MDA-MB-231 cells following acute exposure to high oxygen, when compared to standard medical air. At 80% O 2 migration was not increased unlike at 60% O 2 although viability was not significantly affected. The cause of this was not found in this study.
Mortality associated with breast cancer is due invariably to the burden of metastatic disease, rather than the primary breast tumor. Virtually all patients with breast cancer undergo surgery at some point, be that before, during or after chemotherapy and/or radiation therapy. A number of peri-operative factors are important in minimising metastatic risk during tumor resection, because manipulation of the primary tumor during surgery may result in release of tumor cells into the blood or lymphatic system. 22 Furthermore, undetected micro-metastases may be present in patients who appear to be lymph node-negative at the time of surgery. 23 Although the exposure of cells to oxygen in this experimental model is not the same as in patients in a surgical setting it is difficult to adequately replicate the process of gaseous exchange into the blood stream in vitro. This study was carried out to see the effects of oxygen on cancer cells ex vivo in order to investigate if there was any direct change on cancer cell behaviour.
Progression of micro-metastases into future disease can be reduced by effective immune surveillance; however perioperative factors including anaesthetic technique and high FiO 2 have been shown to compromise immune function in vivo. 24, 25 In a recent study we demonstrated that serum derived from patients who had undergone general anaesthesia with sevoflurane and opioid analgesia for breast tumor resection inhibited the apoptosis of human breast cancer cells in vitro when compared with either pre-operative serum or serum from patients anaesthetized with paravertebral anaesthesia and propofol. 26 This suggests that factors secreted into the bloodstream in the peri-operative period may be important in directly affecting micrometastases and thereby dictating the outcome of breast cancer surgery. Furthermore, it suggests that reduced use of volatile agents and/or opioids may have beneficial, anti-metastatic effects. Although volatile anaesthetic agents are routinely delivered in a high oxygen content, this is not necessarily an evidencebased practice. A 3.5-year follow-up of the evaluation of nitrous oxide in the gas mixture for anaesthesia (ENIGMA) trial comparing fractional inspired nitrous oxide FiN 2 O = 0.7 with FiO 2 = 0.8 oxygen during non-cardiac surgery lasting more than 2 hours, found no significant difference in long-term mortality. 27 Moreover, concerns have been raised that hyperoxia might contribute to adverse outcome both post-operatively and in emergency settings. 28, 29 We observed that hyperoxia directly increases the migration of two breast cancer cell lines. The hypoxic mimetic agent, DMOG, which is a 2-oxoglutarate-dependent dioxygenase inhibitor 30 that also stabilizes the hypoxia inducible factor (HIF)1α pathway, 31 reversed this effect. At 30% O 2 MCF-7 cell migration was significantly increased while MDA-MB-231 migration was not. At 60% O 2 the migration of both cell lines was significantly increased compared to medical air-exposed controls, although the increased migration of MCF-7 cells appeared more pronounced than MDA-MB-231 cells it is not significantly so. MCF-7 cells are ER + and the estrogen receptor has been linked to increased expression of HIF1α. 32 This may account for the observed differences between MCF-7 and MDA-MB-231 cells as MCF-7 cells may express more HIF1α due to ER + expression. Yahara et al. 33 found that MDA-MB-231 preferentially migrated along a gradient towards oxygen from a hypoxic environment. This study in theory supports our migratory results however they stated that gradients of other factors such as glucose and metabolites could also have had an effect in their model; which should not be present under the conditions in our study. In the follow-up analysis of the PROXI trial, tumor-free survival time was reduced in patients undergoing abdominal laparotomy who received FiO 2 = 0.8 compared with FiO 2 = 0.3 during surgery and in the immediate post-operative period. 18 There are some limitations to this study; a small number of the control patients received more than FiO 2 = 0.3 in order to maintain arterial oxygen saturation, administration of antibiotics and analgesia varied slightly from patient to patient, and it is possible that a mix of different surgical procedures may have affected results. This is still the only current evidence of an effect of increased oxygen on patient outcome in cancer surgery and due to the large sample size is a useful indicator of a potential ramification of high inspired oxygen. However, there are no prospective, randomized, clinical trials of fractional inspired oxygen in breast cancer. There are obvious difficulties in directly comparing oxygen concentrations in vitro and in the clinical setting. In our system, oxygen is not inspired into a human lung and it is therefore possible that much higher levels of oxygen actually reach the cancer cell than might be expected during tumor resection surgery. At very high levels of oxygen, the production of reactive oxygen species (ROS) might require consideration; however interestingly we did not observe any effects on cell viability in our model of acute oxygen exposure.
Our finding of enhanced migration of breast cancer cells by hyperoxia contrasts somewhat with the accepted view that tumors have evolved to utilize hypoxic stress to their own advantage by activating key pro-metastasic pathways. Intratumoral hypoxia is proposed to drive motility and invasion in many tumor types and increased migration of renal tumor cells by the anesthetic vapor isoflurane in vitro has previously been attributed to upregulation of hypoxia inducible factors. 34 The apparent discrepancy may be attributable to differences in migratory behavior between types of tumor cell. It is also likely that our findings are more relevant to circulating tumor cells, specifically those cells released peri-operatively, and these are not necessarily attempting to thrive in the hypoxic conditions of the tumor core. To our knowledge, this is the first study to evaluate directly the effect of different oxygen concentrations alone on isolated cancer cells, whereas previous studies have evaluated normoxia versus hypoxia. We adopted this approach in an effort to understand how hyperoxia might directly alter cancer cell behavior.
Metastases require neovascularization to grow at their new sites, and consequently tumor cells secrete angiogenesis factors to recruit hematopoietic cells and drive the production of new vessels. 35 Increased secretion of these factors by cancer cells could promote the survival of micro-metastases and may be a modifiable factor in the peri-operative period. Notably, peri-operative hyperoxia has been shown to promote vascularization via an increase in angiogenesis factor secretion in wound healing. 36 In this study, we have observed that hyperoxia can stimulate the release of angiogenesis factors from human breast cancer cells. Interestingly, MCF-7 and MDA-MB-231 cells showed overlapping, but distinct, changes in angiogenic factor secretion when a highly sensitive array-based system was used to detect these factors in conditioned medium. In both cell lines, secretion of VEGF was significantly increased by acute exposure to 60% O 2 . Since VEGF is a well established poor prognostic indicator metastatic disease, 37 and may also affect the immune response, 38 our observation suggests that high inspired oxygen may promote angiogenesis via a direct effect on VEGF. Vascular endothelial growth factor has also been implicated in the triggering of an autocrine loop in breast cancer cells, thereby promoting migration. 39 The increases in migration seen in our cells may be, at least in part, caused by the up-regulation of VEGF by oxygen exposure. In the ER-MDA-MB-231 cells, MCP-1 and RANTES secretion was also increased as a consequence of hyperoxia. RANTES is increased in several breast cancer subtypes 40 and has been associated with breast cancer progression. 41 We recently showed that RANTES expression is decreased in breast cancer cells following exposure to the noble anaesthetic gas, xenon. 19 MCP-1 is a critical chemo attractant responsible for the recruitment of macrophages and angiogenesis in breast cancer and it may also contribute to indirect crosstalk between the immune system and cancer cells via recruitment of tumor-resident macrophages. 42 Angiogenin and IL-8 secretion was upregulated by hyperoxia in MCF-7 cells. Angiogenin regulates rRNA production during angiogenesis and although early studies found that increases in its production had no bearing on the severity of breast cancer, 43 later findings have indicated that it interacts with members of the plasminogen activation system and that it is positively associated with migration. 44 IL-8 is a pro-inflammatory chemokine, which is associated with pleotropic effects on cancer cell biology. It may promote angiogenic response, increase proliferation and survival of endothelial and cancers cells, and potentiate cancer cell migration. 45 That secretion of IL-8 and angiogenin was increased by high oxygen in MCF-7, but not MDA-MB-231 cells, may further explain differences in migration seen between the two cell lines, as both cytokines are implicated in affecting migration. If these changes in angiogenesis factor secretion were replicated in vivo by high fractional oxygen during surgery, they could obviously increase the likelihood that micrometastases survive and ultimately result in disease recurrence.
In conclusion, exposure of both ER + and ER -human breast cancer cells to controlled hyperoxic environments enhanced migration without affecting cell viability. Furthermore, hyperoxia promoted the secretion of several pro-metastatic angiogenesis factors in vitro. These results may provide a mechanistic basis for the observation of shorter disease-free survival times following surgery in patients exposed to higher FiO 2 during anesthesia and may have implications for the clinical use of oxygen in surgery to resect breast and other tumors. Prospective in vivo and clinical studies are warranted to indicate best practice for oxygen delivery in a surgical setting. 
